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Chapter 1
Introduction
Electrodynamic processes are crucial to the coupling of the magnetosphere with the
ionosphere and the thermosphere. The driver of their coupling is the magnetized solar wind
interacting with the geomagnetic field of the Earth. A domain, called the magnetopause, is
formed separating the geomagnetic field from the interplanetary magnetic field Bsw carried
by the solar wind particles. The magnetopause is a magnetic discontinuity and hence an
electric current system is required to maintain it. However, the shielding against the solar
wind provided by the magnetopause is not perfect, and the interplanetary magnetic field can
connect with the geomagnetic field at the polar cap region and also at the day side magneto-
pause through magnetic reconnection, in which geomagnetic and solar wind magnetic field
lines merge. Through these the solar wind can have a direct impact on the state of the inner
parts of the magnetosphere. 
The kinetic pressure of the solar wind causes a compression of the geomagnetic field on the
day side of the Earth and a stretching of the field into a long, tail-like structure on the night
side. See Figure 1. On the day side magnetopause the Chapman-Ferraro currents flow
perpendicular to the dipole field lines [1]. The geomagnetic field further down the tail
resembles no longer a dipole field as closer to the Earth: instead, the field is divided into
two nearly oppositely directed parts by a plasma sheet near the plane of the Earth's equator.
In this plasma sheet electric currents flow and connect with the currents at the surface of the
magnetotail. This combined current system looks like a   letter from the Sun-Earth line.
There are also various global scale current systems inside the magnetopause, but we will
focus now on the ionospheric currents.
The hot and dilute magnetospheric plasma is connected to the atmosphere via the iono-
sphere. The ionosphere is characterized as a medium of neutral atoms with a high density of
ionized particles due to the absorbtion of the solar UV radiation, which takes place mainly
at ionospheric altitudes. The collisions between the different particle species in the iono-
sphere are critical for the rise of
the electric conductivity
transverse the geomagnetric field
lines. The strong electric coupling
of the ionosphere and the
magnetosphere takes place via the
magnetic field lines, through
which energy and momentum of
the two are linked. The
geomagnetic field lines connected
with the magnetic field of the
solar wind are called open field
lines. The boundary between open
and closed, i.e. non-connected,
field lines becomes electrically
charged at the dawn and dusk
sides, see Figure 2. This charging
of the polar cap boundary induces
electric fields over the polar cap
but also over the closed field lines
nearby. The direction of the elec-
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Figure 1. Cutaway view of the magnetoshere
with currents, fields, and plasma regions. [2]
tric fields in the area of the closed field lines is opposite to the electric field in the polar cap.
The field lines at the polar cap boundary the field-aligned, or Birkeland, currents between
the ionosphere and the magnetosphere. The field-aligned currents (FAC) are mainly
produced by precipitated auroral electrons, though ions can have an important contribution:
mostly the upward FAC comes about through downward flowing negative magnetospheric
electrons, and the return current downward is the result of ionospheric electrons moving
upward.
It has been long established that the magnetic reconnection at the day side magnetopause is
the primary driver for the magnetopheric plasma convection [e.g. 4 and 5]. This convection
is affected by the electric and the geomagnetic fields interacting with the plasma. The
convection, as shown in Figure 3, is directed anti-sunward in the outer layers of the
magnetosphere, while in its inner part there is a sunward return flow. The electric field is
mapped to the ionosphere along the geomagnetic field lines and so a convection pattern
forms in the ionosphere corresponding to the drift in the E   B direction, where E and B
are the local electric and magnetic fields. The electric potential contours coincide with the
streamlines of the electrodynamic E   B drift flow. The flow pattern shows that the
direction is anti-sunward in the polar cap, and after exiting polar cap the flow turns and
starts its return to the day side on lower latitudes. Among other sources of drift are neutral
winds, the gravity drift and the diamagnetic drift. Typically, however, the plasma motion
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Figure 3. Illustration of large-scale magnetospheric convection in the equatorial
plane (left) and the polar ionosphere with magnetic pole in the center (right). The
hatched region indicates convection driven by viscous-like interaction, while the
remainder of the flow is more directly associated with the reconnection process. [6]
Figure 2. Schematic
diagram of the polar
electric and current
fields. View is from the
magnetotail towards the
Sun. [3]
above 150 km for both electrons and ions is very much dominated by this incompressible
electrodynamic drift motion [3]. The corotation of ionosphere with the Earth causes another
global motion for the matter in the ionosphere. While this corotation is naturally around
geographical pole of the Earth, the 2-cell electrodynamic drift diagram (see the right side
panel of Figure 3) is centered on the magnetic pole. Thus combining these to components of
the total drift we would obtain asymmetric trajectories. However, it will not be necessary to
go into the corotation any deeper here.
A collision-free plasma dominates the magnetosphere of the Earth, and as far as the ions and
electrons are behaving in the same way there will exist currents along the magnetic field
lines only. At low ionospheric altitudes, in the polar region at about 100 km, also horizontal
currents can flow due to collisional drift of ions caused by the frequent interactions with
neutral particles. However, the horizontal conductivity is not isotropic as seen in the form of
Ohm's law that governs the horizontal ionospheric currents:
. (1.1)       
Here j is the current density (SI unit A/m2),   P and   H are the Pedersen and Hall conduc-
tivities (S/m), and êB is the unit vector in the direction of the magnetic field (this direction is
assumed to be down in the northern hemisphere and up in the southern hemisphere). The
current in the direction of the electric field is called the Pedersen current and the Hall
current is flowing perpendicular to it (see Fig. 4). Hence the electric medium of the iono-
sphere is a highly anisotropic conductor, and while both of these conductivities can have
spatially varying distribution, the resulting current system can be quite complex. Because
the electric resistivity is very small along the magnetic field lines, which in the polar regions
are now assumed to be vertical (i.e. B

z ), potential differences of the electric field at
different heights quickly disappear due to electron motion along these lines and thus the
electric field can be assumed to have no height dependence at the ionospheric altitudes in
which currents flow. Using this we can now integrate equation (1.1) along the vertical z-
axis, and obtain:
.                              (1.2)      
Here J is the height-integrated current density and has ampere per meter as the unit.  P and
 H are the height-integrated Pedersen and Hall conductances, respectively, with Siemens as
the unit. We now view the ionospheric currents as sheet currents; they are created by the
two components of electric conductance that produce two horizontal electric currents
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Field-aligned
currents
Direction of the Pedersen
current and the electric field
Figure 4. Schematic picture of the horizontal Hall and
Pedersen currents and the vertical field-aligned currents
(FAC) assuming homogeneous conductivities.
Hall Current
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perpendicular to each other. The background for the large scale horizontal currents lies in
the field-aligned currents, which form sources and sinks in the simplified two dimensional
sheet current picture and thus feed the horizontal current systems. This comes about by the
current continuity relation:
,                              (1.3)
where   h denotes the horizontal divergence (ex  x + ey  y). To appreciate this equation, we
need to define our coordinate system: we use right-handed cartesian coordinates, where the
x-axis points North, the y-axis East, and the z-axis downwards. The relation in (1.3) equates
the vertical electric current density jz with the divergence of the sheet current, and thus
downward FAC show in the sheet current density field J as current sources and upward
FAC as sinks. Therefore in the 3D picture, even if we are using the current and conductance
sheets, the currents always remain continuous. 
In this work we use the one-dimensional form of the method of characteristics that was
derived by Inhester et al. [7] to study its applicability to determine the height-integrated Hall
and Pedersen conductances in the ionosphere in three selected events, and with these
conductances we determine also the corresponding 1D profiles of electric currents in the
ionosphere. To accomplish this we use the ground magnetic field distribution (upward
continued) and ionospheric electric field data provided by the IMAGE (International
Monitor for Auroral Geomagnetic Effects) magnetometer network and the STARE
(Scandinavian Twin Auroral Radar Experiment) radars, respectively. The ranges of these
instrument systems are shown in Figure 5. For this method of 1D characteristics to provide
reasonable results, we need to assume that the variations of the electric and the ground
magnetic fields are negligible in the East-West direction (i.e.  y  0 ), which is perpen-
dicular to the IMAGE line of stations used in this work. Thus it becomes essential to know,
when this assumption of one-dimensionality could be validated and how such time periods
might be recognized in general, if possible. In this context we will now discuss the
convection electrojets and shear flow events that are the most meaningful to this  work. 
In the auroral region of the ionosphere there can exist and also coexist a number of current
systems, whose appearance greatly depends on how disturbed the state of the magneto-
sphere is and how the solar wind is behaving. The two main types of major disturbances in
the magnetosphere are geomagnetic storms resulting from coronal mass ejections from the
Sun hitting the magnetosphere and substorms resulting from the energy stored in the
magnetotail being released and accelerated towards the Earth. The most important systems
involving the whole polar ionosphere (or a substantial part of it) are the ionospheric currents
flowing along the auroral oval called the convection electrojets (since electrons carry these
currents), the substorm current wedge, and the polar cap and cusp currents. The cusp occurs
at the dayside as a region in which the entry of magnetosheath plasma to low altitudes is
most direct. Different local-scale auroral forms appear, when the conductivity enhancement
is in a smaller region due to localized particle precipitation. Among these forms are the
discrete auroral arcs (most common on the evening sector of the auroral oval), break up
aurora (around the midnight sector), the westward traveling surge (late evening sector), and
series of omega bands (in the morning sector) [1]. Also the pulsating auroral patches in the
post-midnight section associated with substorms belong to this group.
The global convection electrojets (sometimes called the polar electrojets) are probably the
most prominent current system at auroral latitudes; these electrojets flow throughout the
whole auroral oval at an altitude of about 100 km: eastward electrojet on the duskside and
westward jet on the dawnside. Figure 6 summarizes the average global-scale conductivity
structure and also the average electric fields and current flows. The diagrams show that the
average conductivity steadily increases from noon around both the morning and the evening
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sides all the way to the midnight. As typical values, the height-integrated Pedersen and Hall
conductances reach 7 - 10 S and 10 - 20 S, respectively [8]. Both the eastward and westward
electrojets, originating around noon, primarily consist of Hall currents and carry a total
current of the order of 106 A [1]. These Hall currents are fed by downward net FAC due to
continuity of electric currents in the ionosphere, cf. equation (1.3). The Hall current
densities are between 0.5 and 1 A/m and increase together with the enhancing Hall
conductance, while the poleward and equatorward Pedersen current densities are typically
only 0.3 - 0.5 A/m. A region called the Harang discontinuity appears in the midnight sector
where the eastward electrojet comes in contact and partly coexists at the same local time
with the westward jet flowing along the auroral oval from the other direction. These
convection electrojets are quite often free of variations in the East-West direction and are
therefore good candidates for our application of the 1D method of characteristics. 
The Pedersen current flows poleward in the eastward electrojet sector (afternoon - evening -
midnight) and is associated with downward FAC in the southern half of the auroral oval and
with upward FAC in the northern half (in the northern hemisphere). In the westward
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Figure 5.  The ranges of the STARE radars and the IMAGE 
network. In the IMAGE network there are also stations, which 
are not close to the lines discussed in the text.
SVALBARD ISLANDS
electrojet sector (prenoon - morning - midnight) the Pedersen currents flow equatorward
and the FAC flow up in the equatorward half of the auroral oval and down in the poleward
half. The FAC in the poleward part of the auroral oval are often called Region 1 currents.
The Region 2 currents flow in the half towards the equator and are oppositely directed to
Region 1 [9]. These FAC patterns of Regions 1 and 2 represent a global-scale distribution
that has been averaged over long periods of time. Nevertheless, the geometry of the pattern
is the same both when averaged over more geomagnetically active times and when averaged
over the less active times [3]. On a local scale, however, different and more complicated
current systems, like omega bands or westward traveling surges, often emerge. 
The global-scale Region 1 currents are located at the border between the sunward
convection in the electrojets and the anti-sunward convection in the polar cap. The Hall
current is the larger current component and it is directed along the auroral oval on the both
sides, and due to the different orientations of the electric field on the North and South sides
of Region 1, the Hall current is flowing in different directions on the northern and southern
sides. Thus the Hall current creates a shear flow over Region 1. This Region 1 shear flow is
known to have often only small local variations in the East-West direction, like the
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Figure 6. A schematic picture of the conductivity, the electric field and the Hall
and Pedersen currents in the polar ionosphere. The single cross in the first
diagram shows the average 4° misplacement of the auroral oval from the
invariant magnetic pole towards the magnetic midnight. The circles with
crosses and dots depict downward and upward FAC, respectively. [1]
electrojets, and because it also can occur within the IMAGE and STARE data ranges, it is a
good candidate for the use of the 1D method as well as the electrojets. 
Previously the method of characteristics for the determination of the electric conductances
and currents in the ionosphere has been discussed mainly in its full two-dimensional form.
Though this full 2D method is quite self-consistent, it requires a tedious analysis based on
good-quality electric and magnetic field data from a rather large geographical area. The
purpose of this thesis is to show the applicability of the 1D method of characteristics as a
direct way of determining ionospheric height-integrated electric conductances and currents
from a much smaller amount of magnetic and electric field data especially during electrojet
and shear flow events. The influence of the choice of the main parameter   

H


P is
studied both from a theoretical point of view and in practice: the  -dependence of the results
is showed in connection to one of the selected events. The limitations of this method are
also discussed, especially so with respect to the limits when the ionospheric situation is no
longer sufficiently one-dimensional for the 1D method. 
In the following chapter the theory of the method of characteristics is presented together
with the idea of the upward continuation applied for obtaining the ionospheric magnetic
field directly from the ground magnetic field data measured by the IMAGE. Chapter 3
consists of the main points of the algorithm and the analysis of three selected events for the
1D method of characteristics, namely one eastward electrojet event, one shear flow event
and finally the results from a shear flow event are compared to satellite measurements
obtained from the same event. A short summary of the approximations used is also included
in Chapter 3. Chapter 4 is the concluding chapter, where the obtained results are reviewed
and discussed. Therein this study will also be viewed with respect to other recent research
on ionospheric currents and conductances. The appendix consists of reviews of two sets of
programs: firstly, the program for the upward continuation (authored by Olaf Amm) of the
magnetic field from the ground-based observations of IMAGE with its subroutines and
secondly, the primary programs for obtaining the results of the 1D method of characteristics
introduced in this work. 
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Chapter 2
Theory
2.1 The Method of Characteristics
This section follows the work of Inhester et al. [7]. The method they developed to directly
deduce the height-integrated Hall conductance distribution   H from ground magnetic and
ionospheric electric field observations was published 1992. The method uses characteristic
lines of the electric field and thus we call it the method of characteristics. In this method an
estimate for the ratio of the Hall and Pedersen conductivities is also needed, but this
presents no great difficulty, since this ratio, denoted with α, shows much less variation than
the values of these two conductances [10, and e.g. 11].
(2.1)      
The typical values for this ratio are between 1 - 2 during quiet periods and up to 4 - 5 during
very disturbed behavior in the westward electrojet sector, whereas in the eastward electrojet
sector the ratio stays close to 2 even then.
All two dimensional vector fields can be uniquely divided in to a curl-free and a source-free,
or divergence-free, parts.
,                                (2.2)     
where  h  J df  0 and  h  J cf  0 . Comparing these to the the current continuity
equation (1.3), we see that only the curl-free part is contributing to the field-aligned currents
jz and we can write: 
(2.3)       
Boström [12] showed in 1964 that the curl-free components of ionospheric currents do not
contribute to the magnetic measurements below the ionosphere, and hence we can reproduce
the observed ionospheric (or upward continued) magnetic field with the divergence-free
currents called the equivalent current system Jeq. These equivalent currents then equal the
divergence-free part of the total horizontal currents
(2.4)       
Ampére's law gives in a static system
,                 (2.5)      
where j has only divergence-free part, since divergence of a curl of a continuous function
vanishes. Integrating (2.5) we obtain
(2.6)       
=          (2.7) 
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
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J eq 

j dz
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In this we have used   a   
 
a
for short, and Bh is the horizontal magnetic field of external
origin with respect to the Earth, meaning that this does not include the magnetic effects
from the currents induced in the interior of the Earth. Now using dz 
  x z dx   y z dy
we obtain
.                  (2.8)
 
We have already introduced Ohm's law in the ionosphere, see equation (1.2). Using (2.1) we
can write for the northern hemisphere 
  (2.9)       
Here E is the electric field, which has no z component. We take the curl of J, and with (2.4)
we have
                                     (2.10)     
Both sides of (2.10) have only the z component. Using Ohm's law together with (2.8) and
(2.9) we get
       (2.11) 
                    ⇔
,            (2.12) 
where we have used  h  z  E   h  E for E and Bh, both having only horizontal
components. We denote the right hand side, that is a scalar, with Q:
             (2.13)
Now calculating the left hand side we obtain
      (2.14)
     = (2.15)
      =        (2.16)
We now introduce a new vector V: 
             (2.17)
and write equation (2.16) as a practical differential equation for the Hall conductance ΣH:
             (2.18)
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This resulting differential equation determines the Hall conductance ΣH (and also the
Pedersen conductance via ratio   ) once Q and V are known, and these are determined by the
horizontal electric and magnetic fields E and Bh and the distribution of   , which can often
be taken as a constant.
Combining Ohm's law (2.9) to the definition of vector V (see (2.17)) we see that the height-
integrated current J is related to V via the relation
.                           (2.19)
We see now that vector V is perpendicular to the current vector J. The electric field E is
directed between these two (see Fig. 7). The current density J has two components, the
Pedersen current component in the direction of the electric field E and the Hall current
component that is perpendicular to E. Since the ratio of these components is the ratio of Hall
and Pedersen conductances    H


P , we can give the angle  between J and E as a
function of   :
             (2.20)  
We seek now a characteristic solution for the differential equation (2.18) by integrating
along characteristics generated by the tangent field V. Let us define the path length
parameter l in the direction of a characteristic line as
 (2.21)  
     ⇒                 (2.22)  
Let us take the electric field E to be in the direction of the x-axis. Then the angle θ between
V and E is 90° –   = arctan(1/   ) and Vy/Vx=1/   (cf. (2.17)). Now we take the partial
derivative of ΣΗ with respect to the parameter l:
       (2.23)
= (2.24)
             ⇔     
        (2.25)
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Figure 7. How the directions
of vectors V, E, and J relate.
V ⊥ J  and  β = ∠(J,E). 
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From the last equation we get the differential equation for the characteristic r(l) in terms of
the path length l. 
             (2.26)   
This is the characteristic form for the differential equation (2.18).
Integrating the differential equation (2.26) using an integrating factor [13] grants the
following expression for   H along a characteristic r(l):
 
×   (2.27)  
Here C' marks an initial guess of  H at the starting point r0=r(l0) of the characteristic line.
We denote with integral I (s,s') the following:
             (2.28)
=   (2.29)
      =     (2.30)
The term  1   y E x 

x E y  on line (2.29) equals to zero, since the electric field E
can be assumed to be a derivative of a continuous potential field E   	 h 
 , and there-
fore 
x
 y    y  x   that leads to  x E y   y E x .
Now we rewrite (2.27) using I(s,s'):
         (2.31)
      ⇔
  (2.32)
This is the result for   H along a characteristic r(l), where r(l) lies on the xy-plane. The
characteristics separate the ionospheric plane into individual 'ribbons', and with the electric
and magnetic field data we find the conductivity on each individually. When we have   H
specified on some part of the boundary of area of observed electric and magnetic fields,
conductance   H can then be integrated along each characteristic separately starting from its
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intersection (r0) with the boundary. While the conductance is not uniquely determined
without a sure knowledge of the conductance at r0, the initial guess only enters the first
term, and if I(l,0) is growing rapidly along the characteristic, the weight of the initial value
quickly disappears. If I(l,0) is diminishing instead, we could take the initial guess at the
other end of the 'ribbon', and integrate along the characteristic backwards and thus the
weight of the initial value would soon become negligible. 
The one-dimensional characteristics are given by simpler equations; the partial derivatives
with respect to the y coordinate are taken to be zeros and so we have   h 


x
and
dl  dx VV x
. Using x=r(l) and x'=r(l'), we write
                             
            (2.33)
     ⇔
            (2.34)
In the same way we rewrite (2.32) and  H x  equals to
     (2.35)
              =            (2.36)
  =             (2.37)    
  
Between the last two lines we used Q  2

0

h  B h 	
2

0
d B h , x
dx . 
Now from (2.37) we  obtain the one-dimensional equation for the Hall conductance.
            (2.38)
Here the constant C combines the integration constants, namely the values of 
 H, Bh,x and Vx
at x0, into a single parameter. The only constraint that we can impose on C mathematically
is from the zero point of Vx(x), here xC, when the constant C must be
   
                 (2.39)
 
for the Hall conductance to be finite. 
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2.2  Alpha-dependence of the Conductances and the Currents
We will now estimate the dependence of conductances   H and   P on the ratio  in the 1D
method of characteristics. We will also show, how changing  effects the components of the
height-integrated current J and the field-aligned current jz. In the following treatment the
values of all variables (Vx, Bh,x, E,   H,P, J, and jz) are to be taken at a given point x.
Vx is the first variable that has  -dependence:
                    
(2.40)
⇒
            (2.41)
Typically Ey is small compared to Ex and thus to Vx also. Hence the dependence is not large
but very meaningful, when Vx is small. This means that the alpha estimate can determine the
zero point of Vx (or, in some cases, the very existence of such a zero point) and hence
greatly influence the constant C and thus the results of this method.
In the following we do not consider the possible dependence of C on  via the zero point of
Vx, since the  -dependence of the place of this kind of zero point (if it exists at all) cannot
be even estimated without knowledge of the behavior of the profiles of Ex and Ey, because
the condition for the Vx zero point xc is given by
.             (2.42)
Writing (2.38) with Vx(x) expressed as Ex(x)+  -1Ey(x) we obtain
            (2.43)
        ⇒
     (2.44)
The dependence of the Hall conductance on  is very small for the typical values of Ey; the
dependence of the Hall conductance on the constant C is then more important than the 
ratio.
The Pedersen conductance is just the Hall conductance divided by  (see 2.1), and while the
Hall conductance does not typically have a strong dependence on  ,   P can thus be assumed
to have a relation close to  P  
1
. 
                (2.45)
        ⇒
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We see now that   P/   H=-Ex/Ey, so the  -dependence of  P is typically much stronger
than that of  H.
The components of J are given by Ohm's law (2.9).
              (2.47)
     ⇒
            (2.48)
This  -dependence of Jx is then large and increases even more with smaller absolute values
of Vx. A special case of very high dependence on  is found, when E x    E y : Vx as a
denominator becomes small and is not counterbalanced by a small numerator.
                (2.49)
        ⇒
            (2.50)
Thus Jy has theoretically no  -dependence at all. 
Last we consider the dependence of field-aligned current  jz on  .
                   (2.51)
Now assuming Jx to be a continuous function of x and  , we get the  -dependence as
follows.
                  (2.52)
  
This  -dependence can be divided into three terms: the first term is directly proportional to
the partial derivative of Bh,x taken with respect to x, the second is directly proportional to a
partial derivative of  , i.e.   x  , and the last term is dependent on the partial derivatives of the
components of the electric field, as follows.
    
                 (2.53)
The only reasonable simplification to this equation comes from the second line, as  can be
assumed to be constant, or at least to have only a small gradient, since  has much less
variance than e.g. the conductances. This said, it seems difficult to say anything general
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about the   -dependence of jz, it having a rather complex dependence on the basic variables
and order of magnitude of the terms can vary substantially.
As a summary of the dependences of the resulting variables on the estimate of   , it is now
shown that while the y component of the horizontal current J has no dependance on   and
the Hall conductance

H seems to typically have only a small dependence, there are Jx,

P,
and also jz that can have a large dependence (positive or negative) on the estimate of   . 
2.3 Upward Continuation of the Ground Magnetic Field
In this work we will touch only briefly on the theory of the upward continuation of ground-
based magnetometer data, the method which we use to obtain the ionospheric magnetic field
needed for the method of characteristics. The method of upward continuation has been
presented e.g. by Mersman et al. [14, see also 15]. It has been shown by Tanskanen et al.
[16, see also 17] that the ground magnetic field is sufficiently dominated by the external
source during non-stormy times, and while our events occurred at such geomagnetical
times, there is no real need to separate the internal contribution (due to induction effects)
from the external (ionospheric) in the ground magnetic field.
We will consider the ground magnetic field that we take to be dependent only on x and to be
periodic along the x-axis, with 2  k0-1 defining the basic wavelength chosen large compared
to the scale of the magnetic profile. Now according to the potential theory, the ground
horizontal magnetic field Bh may be expanded into series below the ionospheric currents
(i.e. the sources of the external magnetic field).
,          (2.54)      
where h is the height (assumed to be 100 km in this study) and k = n k0 is the wave number.
Thus the multiplication of the Fourier coefficients of Bh with ekh, with h being the minimum
height of the currents, and the subsequent summation yields the magnetic field just below
the ionospheric current layer.
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Chapter 3
Analysis of Selected Events
In this chapter we give an outline of our study of the ionospheric conductances and currents
with the one-dimensional method of characteristics for some selected events. We will
introduce the IMAGE and STARE systems and the main steps in obtaining our results from
the data provided by these instruments, including the verification of the 1D assumption. The
focus of this chapter will be on the three events selected for the application of the 1D
method of characteristics and the resulting conductance and electric current data. The
analysis of the last event will also include a comparison with the Cluster satellite
measurements for the same period of time above the area of the IMAGE network. Lastly, a
short summary of the important assumptions and simplifications applied in this work is
presented.
3.1 STARE and IMAGE data 
The selected ionospheric current events of this study are of two types: convection electrojets
and shear flows. The latter type occurs between the sunward convection in the electrojets
and the anti-sunward convection in the polar cap. In these situations one cannot say
immediately, whether the case really has small enough variation along the East-West
direction for our 1D analysis to be valid. Disturbed behavior can occur suddenly, even in the
middle of an otherwise stable period. Hence a careful selection of time periods for the
analysis is needed. The IMAGE and STARE data sets can be used for this selection even by
themselves: the STARE twin radars give a combined two dimensional grid of the horizontal
electric field over northern Scandinavia (see Fig. 5) with a spatial resolution of about 15 km
[18, 19]. Thus we can use statistical tools to evaluate the variance in the East-West direction
and create criteria for the selection of suitable time steps. The IMAGE network [20] of
magnetometers (see Fig. 5) has a line of stations close to a single magnetic meridian (about
105° of corrected geomagnetic longitude) between 60° and 80° of northern geographical
latitude, and thus we have a good one dimensional profile of the magnetic field over
Scandinavia and up to the Svalbard islands. The IMAGE consists not only of a North-South
line of stations, but has also a shorter line of stations in the East-West direction at about 70°
of northern latitude. This East-West line of stations can be used to estimate how much the
magnetic field varies between different longitudes. 
The IMAGE magnetometers have a sample interval of 10 seconds and resolution of 1 nT or
better and are very reliable and well synchronized [20]. With STARE, however, good data
are not always received. This is largely due to the STARE radars being quite dependent on
the conditions of radio aurora [21]. Radio aurora refers to ionospheric irregularities
occurring between 100 and 120 km altitude in the auroral region ionosphere, that are
produced by plasma instabilities. When the instabilities are linearly excited in a certain
direction, the unstable waves, called irregularities, have a phase velocity very close to the
electron drift component in that direction. Thus the measuring of the backscatter of the radio
waves yields the Doppler velocity of the electron irregularities, and ultimately the strength
of the electric field, in the direction of the line of sight. The two STARE radars (one in
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Midtsandan, Norway and the other in Hankasalmi, Finland) measure the coherent radio
wave backscatter at frequencies 140.0 and 143.8 Mhz (these correspond to wavelengths of
1.07 m and 1.04 m in the irregularities, respectively), and the radar integration time is 20 s.
Combining the two sets of line-of-sight information a two-dimensional direction and the
field strength of the electric field is obtained for the whole STARE area. For STARE to
provide valid results electric field strength must be more than about 17 mV/m together with
an adequate electron density [22]. As the range of STARE is between 500 and 1200 km
from the radar locations, that corresponds to latitudes 67   – 72   N, our application of the 1D
method of characteristics is thus limited to only a part of the area that the IMAGE system
covers. 
The data for the profile of Bx was obtained from the IMAGE magnetometer network. Like
said previously the induction effects to the magnetic fields were most probably negligible in
our study, and hence were ignored. An upward continuation of the magnetic field to the
height of 100 km, that is the lower boundary of the ionospheric currents, was applied
through a Fourier transformation (see section 2.3). The validity of the 1D assumption was
checked by calculating the scale-length of the change of Bx from the measurements of the
East-West line of IMAGE stations, located around 70   of northern latitude. For the events of
this study, the resulting scale-lengths were larger than, or in some singular time steps equal
to, the length of this East-West chain of magnetometer stations. Thus the 1D assumption
was verified. The measurement data of the North-South chain was interpolated (with a cubic
interpolation formula) to an equal-spaced grid, with about 80 km between the new grid
points.
The STARE system provided the electric field data. The first two events were well covered
by data from both radars providing a complete two-dimensional picture of the electric field,
while for the third event discussed in this chapter, only the Norwegian radar provided data
and we were limited to the Ex field only. The grid used for the STARE data was in latitude
between 67   and 72   N (with a step of 0.2   ) and in longitude between 14   and 26   E (0.5   ).
After removing some obviously erroneous data points as well as data points containing
unreliable data (STARE data is sometimes not reliable when absolute value of the
horizontal electric field is less than about 17 mV/m), a one-dimensional profile was formed
for each of the time steps by taking the mean of grid points of equal latitudes. The standard
deviation of these rows of data points was compared to the mean absolute value of each
row, and if the standard deviations were larger than the mean absolute values of the field in
more than 20 percents of these rows, the time step was determined to be non-valid for the
one-dimensional method and the method was not applied.
Thereafter the profiles of the electric field Eh and the x component of the magnetic field Bx
were combined through interpolation to a new, denser grid and the method of characteristics
was applied to produce the Hall and Pedersen conductance and the horizontal current
profiles as well as the profile of the field-aligned currents for each time step.
The most crucial part in the 1D-method of characteristics is the choice of the constant C.
When Vx changes sign within the profile obtained from the profiles of Ex and Ey we can
calculate the constant C, as given by formula (2.39), where Bx is taken at the point the sign
change. When the fields really are one-dimensional (and also the respective data received)
and alpha is chosen correctly, we then obtain correct conductances and currents for the
whole profile length with this constant C. However, if the state of the fields is not
sufficiently 1D or alpha is not chosen correctly, even negative values for the conductances
may be found, since the conductances are positive only when sign(  xBx(x))=sign(Vx(x)) for
all x (cf. equations (2.38) and (2.39)). More than one change of the sign of Vx can also result
in negative conductances, because there usually is one or less sign changes of  xBx within
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the area of study. In a case with multiple sign changes of Vx correspondingly many C values
are obtained from equation (2.39), one for each point of sign change of Vx. In such a case of
multiple C values we used interpolation to smooth the C parameter between the places of
the sign changes. However, this was needed only in the third event were we had no data for
the Ey component, that probably would have removed the problem. 
When no change of the sign of Vx in the profile existed, we used a low value estimate to
obtain the value for the constant C. Choosing a minimum value   min for the Hall
conductance and denoting the sign of Vx with sV, we obtain the following expression from
equation (2.38) for the constant C:
                         (3.1)      
Value used for   min in this study was 1.5 Siemens, that is a very reasonable assumption for
the background conductance in ionospheric current events such as the ones selected for this
study [23]. There is a possible problem using this method when the Hall conductance is
excited in the whole region studied, but this proved not to be a concern with our event
mostly because the STARE area is rather large compared to the breadth of the electrojets. 
The field-aligned currents were obtained with a seven-point central difference from the
calculated Jx; this is well justified, since we used a denser grid during the algorithm than the
grid of the original electric field data of the STARE system. The field-aligned current jz can
be divided in to several terms, as follows, that help explain its origin and features:
                 (3.2)
⇔    (3.3)
Though the two first terms in (3.3) could be combined in to a single partial derivative of the
Hall conductance with the use of the alpha parameter, we keep these separated for better
physical understanding. From this formula for jz we see that in the case of one-dimensional
system FAC depends on the partial derivatives of the conductances and the components of
the electric field  with respect to the x coordinate. 
The last term of (3.3) becomes of interest, since under the 1D assumption this term vanishes
for all but some very extreme situations. This is seen from Faraday's law when we assume
E z  0 and that there is no z dependence for the horizontal electric field as assumed
previously.
                (3.4)
The curl of the electric field is then negligible almost always with some extreme magnetic
field disturbances being the only exception, since the right side is of the order of 10-9 V/m2
with the typical scales for the ionosphere and the corresponding electric field with a scale-
length of 100 km is only 0.1 mV/m that is negligible in all respects. Combining this result
with the 1D assumption would lead to
   (3.5)
However, in the events analyzed it was found that the Ey field mostly varied in the North-
South direction (the x axis points northward and the y axis eastward), and that the 2D E
field varied a few mV/m also in the East-West direction, but usually these variations were
greatly smaller than the absolute value of Ex. Thus the 1D assumption can be validated as
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described earlier in this section, even though small variations in the East-West direction
exist. Though it was not explicitly studied within this work, it can reasonably assumed that
 
x E y 
 
y E x , and therefore the non-zero values of the last term in (3.3) can be seen as
resulting from some lack of one-dimensionality of the electric field.
3.2 Eastward Electrojet Event on 19th Nov 1999
The first event is a typical eastward electrojet event in the afternoon-evening sector (cf.
[23]) that occurred on the 19th of November 1999 from 14:25 to 15:00 UT in the
overlapping area of the STARE and the IMAGE regions. Figure 8 shows the upward
continued magnetic field (black lines limit the area that was covered by STARE also),
where a large eastward electrojet region (Bx>100nT) shows between latitudes 69.5  and 74 
North. The electric field (Fig. 9) was dominated by the x component (y component varied
between -4 and +5 mV/m) and was monotonically increasing from South to North for the
whole event with field strengths around +10 mV/m in the South end and up to +55 mV/m in
the North. The data showed a very small variance in the East-West direction and hence all
time steps could be included as the 1D assumption was well fulfilled. For this event the
conductance ratio α was taken to be 2, which is a typical value for eastward electrojets [23]
and gave very good results here.
The Hall conductance, shown in Figure 10, corresponds very closely to the features of the
horizontal, height-integrated electric currents Jx and Jy, and they all intensified four or five
times during the selected 35 minutes. These intensifications coincided with also the higher
values of the downward field-aligned current, that results from jz being the partial devative
of Jx with respect to the x coordinate. The conductances (Pedersen conductance is directly
proportional to Hall conductance) grew by 50 percents during the intensifications (the Hall
conductance maximum varied between less than 4 S and 6 S). The direction of Jy was only
eastward and maxima were up to 0.25 A/m and likewise Jx had only northward direction
with 0.10 A/m as its maximum value.
A clear change of the FAC direction at about 71 degrees of northern latitude can be
recognized from the field-aligned current plot (Fig. 11); the southern part FAC is downward
with large areas of values around 0.6*10-6A/m² and the northern part upward with the
maximum values being almost equal to the downward current maximums (i.e. about
0.85*10-6A/m²). Referring to the equation (3.3) it can be seen that this edge between
downward and upward FAC is due  x  P changing sign close to 71  N , since it is there the
conductances reach their maxima for almost all time steps. As for the other terms in (3.3)
the second term dependent on the derivative of the Hall conductance is proportional to Ey
and thus much smaller than the second term. The third term in (3.3) is always positive, and
small compared to the first two in this event and the fourth term is completely negligible.
The causal relation between the conductances, horizontal electric currents and FAC is not
always clear, but their coupling is strong. When the downward field-aligned currents
intensify, the conductance becomes more intensive so that the horizontal currents are able to
carry the current from the sources, where downward FAC connects with the horizontal
currents. Then the horizontal currents are able to carry the current to regions of upward
FAC to connect according to the electric current continuation (cf. (1.3)). On the other hand,
when there are interacting horizontal currents with different directions, FAC intensify
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Figure 10. Figure 11.
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according to the divergence of the height-integrated horizontal currents J
.
In the case of
eastward electrojets the regions downward FAC (or positive jz) are usually at the southern
edge of the electrojet area and correspondingly the upward FAC appear on the northern
edge while the Pedersen current connect these regions. This happened also in this event as
depicted in the result plots here, though the northern edge of the STARE area limited our
view to only a fraction of the upward FAC area (cf. the STARE area limits in Fig 8).
The plots in Figure 12 shows how the choice of alpha within the reasonable limits of 1 and 3
effects Vx, the Hall and Pedersen conductance, Jy and Jx, and field-aligned currents at one
time step 14:48:00 UT, where the Hall conductance was more intensive. Vx (Fig. 12 a)
shows only a small change around latitude 70.8   N, where the Ey was about +3 mV/m. This,
however, resulted in some intensification in the Hall conductance (Fig. 12 b) in the same
23
Thu Oct 31 16:12:07 2002
1 2 3
68.7
69
70
71
71.94
Field Aligned Current
Alpha
L
at
itu
de
Pseudocolor density plot
[j_||]=A/m^2, Time Step 14:48:00  DATE 19991119
−1.68e−06
−1.48e−06
−1.29e−06
−1.09e−06
−8.94e−07
−6.98e−07
−5.02e−07
−3.06e−07
−1.1e−07
8.61e−08
2.82e−07
4.78e−07
6.74e−07
8.7e−07
1.07e−06
1.26e−06
1.46e−06
Fri Nov 29 09:08:34 2002
1 2 3
68.7
69
70
71
71.94
Hall Conductance
Alpha
L
at
itu
de
Pseudocolor density plot
[unit]=Siemens, Epoch  144800  DATE 19991119
1.5
1.84
2.17
2.51
2.84
3.18
3.51
3.85
4.18
4.52
4.85
5.19
5.52
5.86
6.19
6.53
6.86
Fri Nov 29 09:09:49 2002
1 2 3
68.7
69
70
71
71.94
Pedersen Conductance
Alpha
L
at
itu
de
Pseudocolor density plot
[unit]=Siemens, Epoch  144800  DATE 19991119
0.5
0.874
1.25
1.62
2
2.37
2.74
3.12
3.49
3.87
4.24
4.62
4.99
5.36
5.74
6.11
6.49
Figure 12. 
12 d
  12 e         12  f
Thu Oct 31 16:11:45 2002
1 2 3
68.7
69
70
71
71.94
Jy
Alpha
L
at
itu
de
Pseudocolor density plot
[Jy]=A/m, Time Step 14:48:00  DATE 19991119
0.0273
0.0411
0.055
0.0688
0.0826
0.0964
0.11
0.124
0.138
0.152
0.166
0.179
0.193
0.207
0.221
0.235
0.248
12 a   12 b   12 c 
Thu Oct 31 16:12:40 2002
1 2 3
68.7
69
70
71
71.94
Vx
Alpha
L
at
itu
de
Pseudocolor density plot
[.]=mV/m, Time Step 14:48:00  DATE 19991119
17.2
19.2
21.2
23.1
25.1
27.1
29.1
31.1
33.1
35
37
39
41
43
44.9
46.9
48.9
Thu Oct 31 16:11:31 2002
1 2 3
68.7
69
70
71
71.94
Jx
Alpha
L
at
itu
de
Pseudocolor density plot
[Jx]=A/m, Time Step 14:48:00  DATE 19991119
0.0105
0.0234
0.0363
0.0492
0.0621
0.075
0.0879
0.101
0.114
0.127
0.139
0.152
0.165
0.178
0.191
0.204
0.217
area with increasing for the Hall conductance is inversely proportional to Vx. Nevertheless,
the results of Vx and   H correspond well to the analysis in section 2.2, where we found that,
when Ey is a small fraction of Ex like in this event, Vx and   H vary very little. The Pedersen
conductance (Fig. 12 c) is equal to   H/  and thus behaves close to inversely proportional to
 .
In section 2.2 we obtained for Jy that changing  would not change Jy at all. However, plot
12 d shows some very small differences in Jy when  changes. This discrepancy is due the
fact that the result in section 2.2 was obtained without considering the  -dependence of
constant C. In this event constant C was determined by formula (3.1), since there were no
sign changes of Vx as Vx was always positive. There is some small dependence on  in C
through Vx that appears in the formula, that gives now the found deviation from the previous
prediction. Jx (Fig. 12 e) seems to be behaving inversely proportionally to alpha values that
corresponds well with the result in section 2.2. 
The behavior of the field-aligned current (Fig. 12 f), that also seems inversely proportional
to  , follows Jx, since it is calculated directly as  xJx. It is interesting, however, to compare
this  -dependence also to the terms given in equation (2.53).  The first term
                 (3.6)
explains the observed behavior: it is of the right order 10-6A/m2 and yields the inversely
proportional behavior. It also explains the sign change of  jz at about 71  N (the absolute
value of is decreasing with increasing  ), because Bx reaches its maximum around that
latitude (cf. Fig. 8). The second term vanishes, since there is no x-dependence on the
parameter  . The last term 
     (3.7)
has two parts that both can be argued to be negligible: in this event E  E x  V x , since
Ey was small compared to Ex, that makes the first part very small, and the second part
dependent on  xEy is small because Ey is small but also because this event was quite one-
dimensional, the equation (3.5) is then validated. 
3.3 Shear Flow Event on 27th Aug 1998
The second event is a shear flow situation that occurred in the area covered by STARE
(between 68 and 72 degrees of northern latitude) little past the local midnight (23:23 to 23:
37 UT) on the 27th of August 1998. Figure 13 shows the x component of the upward
continued magnetic field density; there are two clear areas of opposite sign for Bx being
separated around latitude 70  N, that is located in the middle of the range of STARE
(marked with black lines in Fig. 13). 
Our one-dimensional study of this shear flow event was limited to 12 minutes (23:34 to 23:
36 UT), because the electric field measured by STARE was not one-dimensional before and
after these 12 minutes, and hence these periods were excluded: in Figures 14 to 18 the
removed time steps at the beginning and in the end are marked with zero values. The alpha
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Figure 13. Figure 14.
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Figure 16.
value used was 2.5, the value which was determined on the basis of some reasonable
assumptions as well as limitations in order to have a single sign change of Vx per time step.
Ex varied between -0.07 and +0.04 V/m (see Fig. 14), while the y component (Fig. 15) was
reasonably high with the value range   0.02 V/m; Vx was nevertheless dominated by the x
component
.
The sign change of the monotonic Vx occurred in the same area as the sign
changes with Bx. 
The conductance minima (the Hall conductance in Fig. 16, and the Pedersen conductance is
40% (=α-1) of the Hall conductance) follow in general the above mentioned area of the sign
change of Vx, that also has low Bx values. From 23:28 to 23:33 UT the area, where the Hall
conductance is less than 5 S, extends southward almost reaching the latitude of 68   N. This
is due to two factors: first, in this area Vx reaches its quite low negative values, reaching –69
mV/m, and has thus large absolute values also, and, second, the difference in the values of
Bx between this low conductance area and where the constant C values are calculated (i.e.
the place of the sign change of Vx ) remains less than 200 nT (cf. equation (2.38) ).
The low conductance areas showed in the horizontal currents pictures as areas of low
values. In this event the East-West current Jy (Fig. 17) is monotonically increasing with the
latitude from about -0.7 A/m to some +0.3 in all time steps. This means that in the southern
boundary of the STARE range we have a westward electrojet and to the North of latitude
71   N we have an eastward electrojet. While maxima of either of these electrojets are not
within this range, the area of the shear, or the friction, between these electrojets, is covered
by the range of the STARE measurements.
The field-aligned currents (Fig. 18) are mainly downward as expected in a shear flow
situation on the morning side. There is, however, a band of upward currents around latitude
69   N. The term in equation (3.3) explaining the main FAC features is -  H  xEy: the partial
derivatives of

H and Ex with respect to x are always quite small, while  xEy has high
positive and negative values – and these occur in the areas of stronger upward and
downward FAC, respectively. At the end of section 3.1 we showed that this term is
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nonvanishing when the event is not completely one-dimensional. The one-dimesionality
became an issue also earlier as the valid time period for the application of our method was
discussed. Thus one-dimensional assumption was not as good as in the first event. Though
the FAC results of the 1D method for this event show some strong effects created by the
two-dimensionality of the event, this does not, however, undermine the validity of the other
results presented for this event. 
3.4 Shear Flow Event on 6th Feb 2001 with Cluster Satellite data
A shear flow event took place over the STARE region on the 6th of February 2001. This
event was chosen as it allows a quantitative comparison to be made between the results of
our application of the 1D method of characteristics using ground-based measurements and
the Cluster satellite data obtained high above the horizontal current plane. During this event
the height of the Cluster orbit was 4.4 Earth radii. 
The main goal of the Cluster mission [24, 25] is to study the small- and medium-scaled
structures (100 km to 2-3 Earth radii) in three dimensions in the magnetosphere. These
features are mapped to the ionosphere along the geomagnetic field lines. The mission
involves four identical spacecraft in a tetrahedron formation in an elliptical polar orbit. The
height of the 57-hour orbit varies between 19 000 and 134 000 km. There are eleven
scientific instruments on each spacecraft for the measurement of plasma features both
within and outside the magnetosphere. The Fluxgate Magnetometer (FGM) instrument [26]
onboard the Cluster satellites measures the magnetic field vector at the satellite's location
and after the Earth's main field is subtracted the local field-aligned currents can be obtained
assuming infinite current sheets flowing perpendicular to the orbit of the satellites. This
FAC current can then be mapped down to the level of the ionosphere. 
In the event on the 6th of February we have STARE data available only from the Norwegian
radar and thus a two-dimensional map of the electric field could not be obtained, but were
limited to the Norwegian radar data giving the sum of projections of Ex and Ey to the lines of
sight from the radar at each grid point. The course here taken was to assume that the Ex
derived from the Norwegian radar equals the total Ex. This is a reasonable assumption as the
Norwegian radar looks basically along the electrojet flow. This means that we take Ey to be
zero. Under the assumption of E y   0 the Vx field becomes equal to Ex (Fig. 19) and Jy is
only

HEx; consequently Vx and Jy do not have any  -dependence (cf. equations (2.40) to
(2.53)). On the other hand,  P and Jx, as well as jz, are now inversely proportional to  , that
is equal to both the ratios 

H/

P and Jy/Jx. For this event we set 
 
1 .
The electric field picture (Fig. 19) shows large negative values around 23:30 UT and the
shear occurred at the poleward edge of this negative Ex area. The area of large derivative of
Ex with respect to the x coordinate follows the shear region and moves to latitude of 69  N
around 23:50 UT. After this the electric field has only a small divergence as the shear region
is no longer within the STARE region. 
The lack of the Ey data leads to a larger uncertainty in the results of this event shown in
Figures 20 and 21. There was also a change of direction of Ex in the northern northern part
of the STARE region at 23:54 UT, thus ending the ten minutes period of stronger northward
directed Ex (cf. Fig. 19). Four of the time steps were influence by this change that was
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caused by clear discontinuity moving from West to East over the STARE region, but these
time steps were not removed from the plots even though the 1D assumption was nonvalid.
This change shows also as a discontinuity in Jy (Fig. 20), that is now directly proportional to
Ex. 
The field-aligned current jz, that is now the partial derivative of  PEx with respect to x
coordinate, has only one term as the 
 xEx dependence vanishes for the case of E y   0 : 
        
                (3.8)      
This means that best insight for the field-aligned current (see Fig. 21, areas of zero value
where the STARE data was not adequate) is given by the Bx measurement (Fig. 22) and not
the results of the conductances (no figure), that were good for only to show some general
features in this event. The strongest field-aligned currents occur at the southern boundary of
the STARE area and are especially strong from 23:46 on, where the minimum of Bx moves
into the STARE area. The change of the sign of FAC takes place at the minimum of Bx
according to the equation (3.8). Another interesting feature of the FAC picture, that is not as
obvious from the Bx picture, is the area of nearly vanishing FAC that starts from the latitude
69    N at 23:30 and finally connects with the sign change area of FAC around 23:46. 
The FAC picture shows also the paths of the Cluster spacecraft over the STARE region
(Cluster spacecraft 2 in green). The comparison between the FAC results of the 1D method
of characteristics and the measurement data of Cluster 2 is shown in Figures 23 and 24.
Figure 23 is the data from the Cluster 2 track (the green line) in Figure 21 and Figure 24 is
obtained from the FAC values derived from the measurements of the FGM instrument
onboard Cluster 2 satellite and then taking a running average with a sliding window of
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about 2 minutes, that corresponds to about 50 km on the surface of the Earth. The Figures
show upward FAC with scales comparable after the Cluster 2 results have been mapped
down from 3.4 Earth radii distance to the level of 100 km: the mapping factor for these
Cluster results is 93. This scales the upward FAC minima (about -9*10-9A/m2 ) of the
Cluster results to 8.5*10-7V. This value is very close to the value obtained from the 1D
method of characteristic for the latter minimum. From Figure 23 it is seen that the area first
minimum is quite low and it is acceptable that such features are not well represented at 3.4
Earth radii height. We conclude that because the strongest features clearly coincide: the
FAC minima at 23:31 and 23:44 UT and the vanishing of FAC at 23:35, the correlation is
indisputable.
Amm has showed [27, especially Fig. 6 therein] that shear flow situations often have two
sheets of FAC, that corresponds well to the results of both Cluster and 1D method of
characteristics in Figures 23 and 24. These two regions are due to large divergence of the
electric field at the shear area and large divergence of the conductance 1-2 degrees
equatorward of the shear (cf. equation (3.3) ). A large electric field divergence followed the
shear region also during this event and the conductance picture, though quite rough and the
figure is omitted here, showed increasing values around latitude 68    N.
3.5 Approximations and Assumptions Used
The following lists the most relevant approximations and assumptions made in the theory of
the 1D method of charasteristics that possibly could effect the accuracy of the results
received by our application of the 1D method of characteristics.
First of all there is some global curvature within the area of the IMAGE network and the
range of STARE that was not considered. Although the range covered by the IMAGE
network is so large that one could doubt whether the curvature of the Earth may be
neglected, the range of STARE, that limits also the range of our results and the data used for
the method, is already small enough (less than 1/5 of Earth radius) for the use of a cartesian
coordinate system [17]. This, however, becomes an issue only in the upward continuation of
the magnetic field with a Fourier transformation, because the method of characteristics itself
is a point-wise method.
The IMAGE stations do not locate on an exactly straight line. This has no effect when our
most important assumptions, or rather the conditions set for the events, are valid, namely

y  0  for all fields.
The field-aligned currents do not have the z component only. In the area of the STARE
range the geomagnetic field lines may be well approximated as parallel straight lines that
form angle χ with the ionospheric plane. This angle is about 77° in the northern Scandinavia
[17]. There is a small correction to the field-aligned currents thus imposed by relation (cf.
equation (2.3) )
                            (3.9)      
The factor sin χ equals to 0.974 that is very close to one and that we neglect. Following
from this, E might have small variations in the direction of the z-axis contrary to the
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j z   j FAC sin   

h  J cf
assumption to made in Chapter 1, but when polarization is taken into account these effects
are vanishingly small in polar latitudes [28]. 
Finally we have not considered the possible effects of neutral winds due to that in the layer,
where ionospheric currents occur, the neutral wind velocity is rarely larger than 100 m/s and
thus the effect remains negligible [17]. Also the observations from the electrojets have given
no need for considering the neutral wind effects, since the electric field vectors have been in
great agreement with the two-dimensional theory without a consideration of the neutral
winds [29]. 
31
Chapter 4
Discussion and Summary
In this work we have derived the resulting equations of the method of characteristics model
for ionospheric electric currents and have developed an algorithm that applies the one-
dimensional form of this method to data obtained from the STARE and IMAGE
instruments. The algorithm was shown to function well with the three example events and it
provided very reasonable results. A successful comparison to satellite measurements was
also performed with correct quantitative results, even though the electric field data for this
event lacked the y component.
In our study we showed that the dependence on the parameter   was very well in agreement
with the theoretical expectations. In practice a reasonable estimate for the alpha value can be
determined by the event type, or more accurately through e.g. satellite observations over the
site of event. It was shown that the Hall conductance and the Hall current Jy in a typical
electrojet situation have only a very weak dependence on   , which implies that this method
is quite self-consistent even without an exact   value. On the other hand, the Pedersen
conductance and the Pedersen current Jx as well as the field-aligned current in the one-
dimensional case all have an   -dependence that can usually be approximated as inversely
proportional to   . This rather small inaccuracy due to uncertainty in the parameter  
(reasonable   values exist only within a narrow range) does not effect the current or conduc-
tance picture almost at all, with the possible exception due to a change in the place of the Vx
sign change. Thus the conductance and currents obtained from the application of the method
seem very reliable even with a rough estimate of the parameter   . This same result has been
shown for the two-dimensional method of characteristics by Amm [30].
The main limitation for the applicability of the 1D method of characteristics originates from
the principal assumption of one-dimensionality of the events to be analyzed: the partial
derivatives with respect to the y component (East-West direction) must be taken to be zeros.
When these partial derivatives are not small, the profiles are no longer giving an accurate
picture of the fields over the geographical area being studied, i.e. the profiles become
merely the means over the possibly very differently behaving longitudes. In such a case the
results of the 1D method become meaningless and possibly even clearly erroneous (e.g.
negative conductance values), as the method in such cases cannot yield results that would
depict the true ionospheric situation.
In all the events analyzed the magnetic field was determined to be quite close to one-
dimensional as the derived the scale-length in the direction of the East-West direction were
more than the width of  the STARE area in this direction for all time steps of the events. The
measurements for this evaluation were obtained from the East-West directed chain of
IMAGE stations in the northern Scadinavia. Thus Bx was well in agreement with the 1D
assumption. However, during some ionospheric events the electric field can often have areas
that are divided by clear discontinuities. One such discontinuity of the electric field crossed
the STARE area during the event of 6th February 2001. The North-South discontinuity
appeared from the West side of the area and moved towards the East turning the northward
directed Ex in the northern part southward. This crossing took only less than two minutes
around 23:54 UT (cf. Figure 19), so that it rendered the results of only a couple of time steps
nonvalid. In the shear flow event of 27th August 1999 it was found that the small variance of
the electric field in the East-West direction affected the FAC results, though the results in
conductance or in horizontal currents for this event did not show any problems in this
regard. Our one-dimensional analysis of this event was limited between 23:23 and 23:36 UT
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as the 1D assumption was determined nonvalid both before and after this time period. To
determine the validity of the 1D assumption the standard deviations of the electric field
were compared to the absolute value of the field one latitude line at a time. The number of
nonvalid latitude lines was used as a criteria for the one-dimensionality of a time step and
this proved to be a good method for this purpose. 
The results of our application of the 1D method presented in Chapter 3 correspond well with
the known features of electrojet and shear flow events and were also quite good in showing
the details with the precision of about 0.2 degrees in latitude and with a time step of 20 s
(corresponding to the STARE radar measurements). The method was thus shown to be of
great applicability for the use of ground-based magnetometer network data together with the
ionospheric electric field data to determine ionospheric electric conductances and currents. 
Before the year 1992, when Inhester et al.[7] presented the characteristics method, mostly
indirect methods for the determination of the ionospheric conductances were used, such as
the so called “trial and error” approaches used by Baumjohann et al. [31, see also 32] The
method of characteristics [7,30] is a forward method, where the first step is to determine the
Hall conductance by solving a first-order differential equation using the ionospheric electric
and ground magnetic field measurements and an alpha value. The horizontal currents and
FAC are then inferred from this conductance and the field data already used for the
differential equation in the first step. One remarkable feature of this forward method is that
it is self-consistent, as it does not require any measurements or information outside the area
of study, and this is true also for the one-dimensional form of the method of characteristics.
The method of characteristics has been successfully applied to determine the
electrodynamical quantities of the ionospheric current layer [e.g. 27, 30]. However, the full
method requires rather good measurement coverage of the study area. This is needed e.g. for
the determination of the divergence and curl of the input data sets. The data necessary for
the 1D method is thus much more easily obtained: only one line of observations of the
electric and magnetic fields is absolutely needed, and some way to determine the validity of
the 1D assumption for both of the fields. The latter part usually, however, means that at
least a few lines of observations of the electric field is required.
In this study we have shown that even with some parts of data missing correct features and
even quantitatively very comparable results can be obtained. With the application of this 1D
method we are, of course, limited to only a selection of events, due to the strongly limiting
1D assumption.
Some possibilities for further development of the algorithm are, aside from the fact that
always better and more efficient coding is desired, mainly questions of the parameters used
in the code. To name some of the most important: parameters by which erroneous data
points are removed from the STARE data and the one-dimensionality of the time step is
determined, lower limits for the absolute values of Vx and Ex for the removal of the ends of
the electric field profile, when they are not strong enough to be reasonably reliable (this is
an issue especially in the southern end of the profiles where the STARE measurements are
from the low altitude boundary of the ionospheric current layer and the interactions with the
neutral atoms may result in unreliable STARE readings), and another limit parameter for the
absolute value of Vx as to how much of the profile should be neglected when calculating
the Hall conductance in an area where Vx changes its sign (often results in exceedingly high
or negative values were the absolute value of Vx is close to zero). These parameters can
mostly be found by experimenting until reasonable and somewhat smooth values for the
resulting quantities are obtained. One set of values for these parameters was used for all of
the events with the exception that some values were dropped for the last event where the
STARE data was of poorer quality probably due to lower backscatter rate – and even then
we did obtain quite reasonable results also from this event. 
33
One interesting addition to the programs developed for our application of the 1D method of
characteristics (see Appendix A.2), when no reasonable estimate for alpha is readily avail-
able, but when sign changes of Vx occur, could be to have the program output the
nonnegative conductance limits for the alpha estimate. This might help to estimate the alpha
parameter better even when a rough alpha estimate is available. When the alpha value and
its variation with time or latitude are known (as when a satellite measurements of alpha are
available) the program could also be updated to take such data as an input. 
The program takes any wanted

H,min value now as an input, what is needed for more
disturbed events, where the areas of higher conductance can extend to the boundaries of the
study area. The program could also be changed to yield high estimates for the Hall
conductance with a maximum value

H,max for the Hall conductance (cf. 3.1) in case no xc
for V x x c   0 exists for a time step. Though the estimate for

H,max mostly should not
remain constant for an entire event, some reasonable estimates could be made (e.g. from the
maximum conductance value of the previous time step where xc was found).
As to the issues of less mechanical and more physical meaning, one interesting feature to
include in the application of 1D method characteristics came up in the discussion in the end
of section 3.1. The validity of the 1D assumption as determined in the program now (see
above and section 3.1) could be compared to the change of the Ey profile in the x direction
(i.e.
 xEy). The averaging over longitude to receive the Ey profile has an effect on this, but
probably does not change the order of this variation. The Ey profile is expected to be
constant when the situation is truly one-dimensional, and thus it may imply that the
amplitude of the variation of the Ey profile anti-correlates to the one-dimensionality of the
event.
Perhaps the most intriguing prospect of this method would be to automatize its algorithm up
to the degree that direct application to large amount of data would be possible in contrast to
the event by event bases from which this work was done. It seems quite possible especially
if easy way for the determination of the alpha parameter as well as the other parameters can
be found. The issues considered above might take us closer to that goal, as the limits for the
alpha value through the validity of the conductance (i.e. nonnegativity) and that the
parameter set determined for one of the events seemed to give also very reasonable results
for the other two events here analyzed.
34
Chapter 5
References
[1] M.G. Kivelson and C.T. Russell (ed.): "Introduction to Space Physics," 1995.
[2] Schunk and Nagy: "Ionospheres," 2000.
[3] Y. Kamide and W. Baumjohann: "Magnetosphere\Ionosphere Coupling," Springer-Verlag,
1993. 
[4] M.F. Smith and M. Lockwood: "Earth's Magnetospheric Cusps," Reviews of Geophysics 34,
233 – 260, 1996.
[5] Raeder, J., O. Vaisberg, V. Smirnov, and L. Avanov, Reconnection driven lobe convection:
Interball tail probe observations and global simulations, Journal of Atmospheric and Solar-
Terrestrial Physics 62, 833 – 849, 2000.
[6] S.W.H. Cowley: "The Causes of Convection in the Earth's Magnetosphere: A Review of
Developments during IMS," Review of Geophysics and Space Physics, 20, 531 -  565, 1982. 
[7] B. Inhester, J. Untiedt, M. Segatz, and M. Kürschner: "Direct Determination of the Local
Ionospheric Hall Conductance Distribution from Two-Dimensional Electric and Magnetic Field
Data," Journal of Geophysical Research (J. Geoph. Res.), Vol. 97, 4 073 − 4 083, 1992.
[8] D.D. Wallis and E.E. Budzinski: "Empirical Models of Height-integrated Conductivities," J.
Geoph. Res., Vol. 86: 125 - 137, 1981.
[9] T. Iijima and T.A. Potemra: "The Amplitude Distribution of Field-aligned Current at
Northern High Latitudes Observed by Triad," J. Geoph. Res., Vol. 81: 2 165 − 2 174, 1976.
[10] R.-H. Ahn, R.M. Robinson, Y. Kamide, and S.-I. Akasofu: "Electric Conductivities, Electric
Fields and Auroral Particle Energy Injection Rate in the Auroral Ionosphere and Their Emprical
Relations to the Horizontal Magnetic Disturbances," Planetary and Space Science 31, 641 − 653,
1983.
[11] J.F. Vickrey, R.R. Vondrak, and S.J. Matthews: "The Diurnal and Latitudinal Variation of
Auroral Zone Ionospheric Conductivity," J. Geoph. Res., Vol. 86, 65 − 75, 1981.
[12] R. Boström: "A Model of the Auroral Electrojets," J. Geophys. Res.,Vol. 69, 4 983 – 4 999,
1964.
[13] G.B. Arfken and H.J. Weber: "Mathematical Methods for Physicists," fourth international
ed., 1995. 
[14] U. Mersmann, W. Baumjohann, F. Küppers, and K. Lange: "Analysis of an Eastward
Electrojet by Means of Upward Continuation of Ground-based Magnetometer Data," Journal of
Geophysics 45, 281 − 298, 1979.
[15] H. Sulzbacher, W. Baumjohann, and T.A. Potemra: "Coordinated Magnetic Observations of
Morning Sector Auroral Zone Currents with Triad and the Scandinavian Magnetometer Arrey: A
Case Study," Journal of Geophysics 48, 7 − 17, 1980. 
[16] E.I. Tanskanen, A. Viljanen, T.I. Pulkkinen, R. Pirjola, L. Häkkinen, A. Pulkkinen, and O.
Amm: "At Substorm Onset, 40% of AL Comes from Underground," J. Geoph. Res., Vol. 106, 13
119 −         13 134, 2001.
[17] J. Untiedt and W. Baumjohann: "Studies of Polar Current Systems Using the IMS
Scandinavian Magnetometer Array," Space Science Reviews 63: 245 − 390, 1993. 
[18] R.A. Greenwald, W. Weiss, E. Nielsen, and N.R. Thomson: "STARE: a New Radar Auroral
Backscatter Experiment in Northern Scandinavia," Radio Science 13, 1 021 – 1 039, 1978.
[19] E. Nielsen, M. Bruns, I. Pardowitz, H. Perplies, L. Bemmann, P. Janhunen, and A.
Huuskonen: "STARE: Observations of a Field-aligned Line Current," Geophysical Research
Letters, Vol. 26 , 21 − 24, 1999.
35
[20] H. Lühr, A. Aylward, S.C. Bucher, A. Pajunpää, K. Pajunpää, T. Holmboe, and S.M.
Zalewski: "Westward Moving Dynamic Substorm Features Observed with the IMAGE
Magnetometer Network and Other Ground-based Instruments," Annales Geophysicae 16, 425 −
440, 1998.
[21] R.S. Unwin: "The Morphology of the VHF Radio Aurora at Sunspot Maximum - the
Behavior of Different Echo Types", Journal of Atmospheric and Terrestrial Physics 28, 1 183 − 1
194, 1966.
[22] L.J. Cahill,Jr., R.A. Greenwald, and E. Nielsen: "Auroral Radar and Rocket Double Probe
Observations of Electric Field across the Harang Discontinuity, Geophysical Research Letters,
Vol. 5, 687 – 690, 1978.
[23] W. Baumjohann, J. Untiedt, and R.A. Greenwald: "Joint Two-dimensional Observations of
Ground Magnetic and Ionospheric Electric Fields Associated with Auroral Zone Currents: 1.
Three-dimensional Current Flows Associated with a Substorm-intensified Eastward Electrojet," J.
Geophys. Res., Vol. 85, 1963 – 1978, 1980.
[24] C.P. Escoubet, R. Schmidt, and M.L. Goldstein: "Cluster – Science and Mission Overview,"
Space Science Reviews 79: 11 – 32, 1997. 
[25] C.P. Escoubet, M. Fehringer, and M. Goldstein: "The Cluster Mission," Annales
Geophysicae 19: 1 197 – 1 200, 2001. 
[26] A. Balogh, M.W. Dunlop, S.W.H. Cowley, D.J. Southwood, et al.: "The Cluster Magnetic
Field Investigation," Space Science Reviews 79:65 – 91, 1997.
[27] O. Amm, P. Janhunen, H.J. Opgenoorth, T.I. Pulkkinen, and A. Viljanen: "Ionospheric Shear
Flow Situations Observed by the MIRACLE Network, and the Concept of Harang
Discontinuity,"  Magnetospheric Current Systems, Geophysical Monograph 118, 2000.
[28] O. Amm: "Method of Characteristics in Spherical Geometry Applied to a Harang-
discontinuity Situation," Annales Geophysicae 16, 413 – 424, 1998.
[29] A. Robineau, P.-L. Blelly, and J. Fontarina: "Time-dependent Models of the Auroral Iono-
sphere above EISCAT," Journal of Atmospheric and Terrestrial Physics 58, 257 – 271, 1996.
[30] O. Amm: "Direct Determination of the Local Ionospheric Hall Conductance Distribution
from Two-dimensional Electric and Magnetic Field Data: Application of the Method Using
Models of Typical Ionospheric Electrodynamic Situations," J. Geoph. Res., Vol. 100, 21 473 – 21
488, 1995.
[31] W. Baumjohann, R.J. Pellinen, H.J. Opgenoorth, and E. Nielsen: "Joint Two-dimensional
Observations of Ground Magnetic and Ionospheric Electric Fields Associated with Auroral Zone
Currents: Current System Associated with Local Auroral Break-ups," Planetary and Space
Science 29, 431, 1981.
[32] H.J. Opgenoorth, R.J. Pellinen, W. Baumjohann, E. Nielsen, G. Marklund, and L. Eliasson:
"Three-dimensional Current Flow and Particle Precipitation in a Westward Traveling Surge
(observed during the Barium-GEOS rocket experiment)," J. Geophys. Res., Vol. 88, 3 138, 1983.
[33] W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.P. Flannery: "Numerical Recipes in C:
the Art of Scientific Computing," second ed., 1992.
36
Appendix
The Programs Used
The programs were programmed in the TeLa programming language (Tensor Language by
Pekka Janhunen at the Finnish Meteorological Institute (FMI)) that holds some similarities
to generally used programming languages such as MatLab and C.
In the following two sections the general features of the programs are described; the data
retrieval programs and the procedures of the management of the original STARE and
IMAGE data are omitted. 
The spline routine (spline-fm.t) by Olaf Amm (FMI) was used also in the programs for the
1D method of characteristics.
A.1 1D Upward Continuation of the Magnetic Field (by Amm)
1DCont.t
The main program for the upward continuation of x component of ground-based measure-
ments on the magnetic field in a selected North-South line of IMAGE stations. Uses
programs fourier.t, spline.t, utility.t, and intpol1d.t as subroutines. 
Magnetic field measurements along the East-West line of IMAGE stations are used to
calculate the scale-length of East-West variations. If this scale-length becomes smaller than
the length of the East-West line a warning is issued. A quiet time period, preferably during
the same hours on the previous day or the following day, is used to calculate the baseline
values for the components of the magnetic field that are then subtracted from the magnetic
data of the event. Uses the method introduced in section 2.3 for the calculation of the
magnetic field values at the ionospheric height of 100 km. Writes the results for each time
step into a single text file. The program asks for the time period for the actual data and also
for the baseline. 
fourier.t
Different functions for Fourier transformations, including Welch windowing in one-
dimension.
spline-fm.t
Calculates a cubic form of spline interpolation using a modified TeLa translation of a C
program by Press et al. [33] 
utility.t
Has several functions for different purposes. E.g. for one-dimensional derivative, poler
rotation for vectors and spherical distance.
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intpol1d.t
Uses the synthesis method of a (global) spline and local polynomial interpolation to
interpolate from 1D uneven-distance data to equal-distance data. 
A.2  Programs for the 1D method of characteristics
Char_main4.t
The main program for combining and plotting the results of the application of the 1D
method of characteristics (done in subroutine Char_func.t) for the all the chosen time steps.
Uses programs char_func.t, spline-fm.t, that was briefly explained in the previous section,
and Stare-trans.t as subroutines. Program Stare-trans.t is for the retrieval of the STARE data
for the correct time steps. The program Char_main4 is called with parameters alpha,
 
H,min,
and some limits for the cutting of the unreliable ends of the electric field profiles as
explained in section 3.1. Out of these parameters only alpha is mandatory. The program
asks for the names of the STARE and 1DCont.t result files and the wanted time period.
Char_func.t
The subroutine for Char_main4.t with the application of the 1D method of characteristics. It
is run separately for each time step. It includes steps for the creating the new grids and
profiles through use of spline-fm.t subroutine (see section A.1), checking the validity of the
1D assumption for the STARE data after the removal of erroneous data points,
determination of the constant C and calculating all the results, and finally writing the
electric magnetic field profiles together with the results of the method into a separate file for
each time step. The beginning of the name for the result file is asked in the program and the
rest of the name is formed from the date and time of the time step. Char_func.t is not meant
to be run by itself it having more than ten input data matrices and parameters defined in
Char_main.t.
Alphaplot2.t
Program to produce plots with varying alpha values for a singe time step from the result
files of Char_main4.t after it has been run for all the wanted alpha values. Produces no
result file, only plots. The date is given as a parameter to the program and the names of the
STARE  and 1DCont.t result files are asked for as well as the wanted time step. 
Char4.t
Program for viewing the input data and results for a single time step. This was important for
the determination of the program parameter of Char_main4.t with its subroutines and
checking the self-consistence of the results of the application of the method. Currently
produces only plots and no result files. Works the same way as Char_main4.t with respect to
the input parameters and the inquires within the program.  
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